Abstract The formation of a neurite, the basis for axons and dendrites, begins with the concerted accumulation and organization of actin and microtubules. Whereas much is known about the proteins that play a role in these processes, because they perform similar functions in axon branching and filopodia formation, much remains to be discovered concerning the interaction of these individual cytoskeletal regulators during neurite formation. Here, we review the literature regarding various models of filopodial formation and the way in which proteins that control actin organization and polymerization induce neurite formation. Although several different regulators of actin polymerization are involved in neurite initiation, redundancy occurs between these regulators, as the effects of the loss of a single regulator can be mitigated by the addition of neurite-promoting substrates and proteins. Similar to actin dynamics, both microtubule stabilizing and destabilizing proteins play a role in neurite initiation. Furthermore, interactions between the actin and microtubule cytoskeleton are required for neurite formation. Several lines of evidence indicate that the interactions between these two components of the cytoskeleton are needed for force generation and for the localization of microtubules at sites of nascent neurites. The general theme that emerges is the existence of several central regulatory pathways on which extracellular cues converge to control and organize both actin and microtubules to induce the formation of neurites.
Introduction
Neurite extension is the essential first step in the formation of axons and dendrites, which are necessary components for the development of a functional neuronal network. Whereas extracellular cues influence neurite outgrowth, it is the reorganization of the actin cytoskeleton that ultimately drives morphological change and thus, this review focuses on the cytoskeleton in the context of neurite formation (for a review, see Da Silva and Dotti 2002) . A neurite is formed by regulating the cytoskeleton within the neuronal cell body to produce filopodia, which serves as the first step in neurite formation. Historically, this was thought to be accomplished through actin and microtubule networks fulfilling separate independent roles but several adaptor proteins that link the two networks have demonstrated that these two networks act in concert to form a neurite. Neurofilaments are neuron-specific intermediate filaments that regulate the cytoskeleton and axon transport (Yuan et al. 2012) . Whereas nerve growth factor (NGF)-induced neurite formation is associated with an increase in neurofilament expression, knockdown and antibodies against specific neurofilaments prevents the differentiation of neurites into axons but does not appear to have a major role in the initiation of neurites. Thus, this review will focus on the actin and microtubule cytoskeleton (Lin and Szaro 1996; Lindenbaum et al. 1988; Shea and Beermann 1999; Szaro et al. 1991) . The current concepts for understanding the way in which neurites form are summarized in Fig. 1 and discussed in later sections of this review.
The in vivo observation of neurite initiation has proven difficult because of the experimental requirements. Thus, much of the available data utilize in vitro dissociated cultures that enable close spatial and temporal observation. Primary dissociated hippocampal and cortical cultures replicate many of the neuronal structures seen during development, permitting observations of axon and dendrite formation and later, synapse formation (Banker and Goslin 1988) . Manipulation of these cultures is often technically challenging and thus for the study of neurite formation, neuroblastoma cells or NGFtreated PC12 cells, a cell line derived from a pheochromocytoma of the rat adrenal medulla, are often used. These alternative model systems initiate neurites that resemble precursors of axons and dendrites, with similar but not identical cytoskeletal organization but do not develop further into mature axons and dendrites (Dotti et al. 1988) .
Actin dynamics during neurite initiation
The initiation of a neurite begins with the formation of an actin-rich filopodium from the neuronal cell body, followed by the broadening of the filopodium into a neurite. However, the specific mechanism that coordinates the actin cytoskeleton to form filopodia remain unclear (Faix et al. 2009; Mattila and Lappalainen 2008; Mellor 2010; Svitkina et al. 2003; Vignjevic et al. 2006 ). The two prevailing models for the initiation of filopodia are the convergent elongation model and the de novo nucleation model. The convergent elongation model proposes that branched actin filament networks formed by the Arp2/3 complex within lamellipodia are elongated by factors such as anti-capping proteins and then bundled into filopodia through proteins such as fascin (Svitkina et al. 2003) . The de novo nucleation model proposes that filopodia are formed through factors that nucleate actin and elongate actin fibers in a single direction followed by crosslinkage into filopodial actin bundles (Vignjevic et al. 2006) . These two models of filopodial formation are not necessarily exclusive and the mechanisms for filopodial formation in specific neuronal populations probably depend on the cell type and environment.
Actin-binding proteins regulate actin polymerization and organization
The actin cytoskeleton that gives rise to filopodia is regulated by a large array of actin-binding proteins that control the nucleation, polymerization and organization of actin within the cell. The Arp2/3 complex, a major component of the convergent elongation model, is an actin-nucleating complex that binds to existing actin filaments and nucleates new filaments resulting in a branched actin filament network (Dotti et al. 1988; Yang and Svitkina 2011) . Interestingly, Dip1, which is a novel activator of the Arp2/3 complex, can give Fig. 1 Overview of cytoskeletal dynamics and organization during neurite formation. a Prior to the emergence of neurites the neuronal cell body exhibits a submembranous actin filament (red) cytoskeleton that does not engage in protrusive activity. Microtubules (green) are formed at the perinuclear centrosome and emanate toward the periphery. b One of the major events of neurite formation is the initiation of actin-filamentbased protrusions from the periphery of the neuronal cell body. Microtubules and actin filaments are coordinated during this phase leading to the formation of a neurite. Inset B' Microtubules exhibit a preference for extending along filopodial bundles of actin filaments, relative to the more geometrically complex mesh of the interconnected filaments characteristic of lamellipodia. Thus, filopodial actin filament bundles serve as guides for the orchestration of these two components of the cytoskeleton. c Following the invasion of the filopodium by microtubules, the filopodium then develops polarity (i.e., develops a protrusive growth cone at its tip) and is now considered a neurite. The entry of microtubules allows the transport of a multitude of molecular cargoes and organelles into the nascent neurite rise to single filaments without the need for other actin filaments and does not generate branched filaments potentially blurring the line between the "orthodox" forms of the de novo nucleation and convergent elongation models (Wagner et al. 2013) . The role of the Arp2/3 complex with respect to neurite formation is unclear. Several observations made by using differential interference contrast microscopy of primary hippocampal neurons suggest that the major force driving filopodial formation in neurites is through convergent elongation. These studies clearly demonstrate that broad lamellipodia form along the cell body, which then segments at certain locations followed by an accumulation of microtubules in an ordered array and an extension away from the cell body (Dehmelt et al. 2003; Dotti et al. 1988; Tang and Goldberg 2000; Yu et al. 2001) . However, loss of function of the Arp2/3 complex in hippocampal neurons, through short interfering RNA (siRNA)-mediated knockdown of the Arp3 and p34-Arc subunits, does not inhibit neurite formation; instead, an increase occurs in irregular neurites, which are shorter and broader (Korobova and Svitkina 2008) . In contrast, the overexpression of the Arp2/3 complex activator N-WASP (neural Wiskott-Aldrich syndrome protein) in hippocampal cultures increases the total number of neurites (Pinyol et al. 2007 ). In a third study, the expression of peptides that prevent the activation of the Arp2/3 complex had no effect on hippocampal neuron axon formation or total dendrite number (Strasser et al. 2004) . Whereas the specific role of the Arp2/3 complex in neurite initiation remains unclear, these data suggest that neurite initiation by the Arp2/3 complex is dependent on precise levels of the nucleation of a branched actin network. This is supported by data from non-neuronal cultures demonstrating that actin-capping proteins, which prevent polymerization at the barbed end of actin, can contribute to Arp2/3-mediated filament branching (Bear and Gertler 2009; Skoble et al. 2001) . When actin filaments are capped, more G-actin is thought to become available for Arp2/3 nucleation, instead of filament elongation and leads to the preferential formation of branched actin networks; however, if and to what extent anti-capping influences Arp2/3-mediated branching in neurons remains unknown (Akin and Mullins 2008; Korobova and Svitkina 2008; Mogilner and Rubinstein 2005) .
F-BAR (Bin-Amphiphysin-Rvs) proteins have primarily been studied for their role in endocytosis but in recent years, several F-BAR proteins including Cdc42-interacting protein 4 (CIP4) have also been shown to play a role in filopodial and lamellipodial protrusion (Carlson et al. 2011; Guerrier et al. 2009; Lee et al. 2010; Saengsawang et al. 2012) . CIP4 is an adaptor protein that links negatively charged membrane phosopholipids through its F-BAR domain and binds active Cdc42 through its HR1 domain and other actin-associated proteins through its SH3 domain (Aspenstrom 2009; Carnahan and Gould 2003; Heath and Insall 2008; RobertsGalbraith and Gould 2010) . CIP4 overexpression in cortical neurons results in lamellipodial formation around the cell body and inhibits neurite formation, whereas CIP4 null cortical neurons initiate neurites twice as fast as controls (Saengsawang et al. 2012 ). This effect is dependent on both the F-BAR domain, which localizes CIP4 to the leading edge of lamellipodia and the SH3 domain, which does not function through the Arp2/3 complex and possibly acts through formins to nucleate and elongate actin or Ena/VASP (vasodilator-stimulated phosphoprotein) anticapping proteins (Saengsawang et al. 2013 ). These data demonstrate that contrary to its role in non-neuronal cells, CIP4 in neuronal cells appears to decrease neurite formation through controlling lamellipodia and not through the regulation of endocytosis or filopodia formation.
Controlling actin polymerization and depolymerization in neurite formation
The actin cytoskeleton is also modified by the control of actin barbed-end polymerization leading to the formation of long actin filaments through anticapping proteins such as Ena/ VASP (for a review, see Menna et al. 2011) . Actin filament polymerization occurs through the addition of G-actin to the barbed end, thus the capping of the barbed end prevents polymerization (Menna et al. 2011 ). In the de novo nucleation model, Ena/VASP, which is localized at the plasma membrane, initiates the formation of a filopodium by encouraging actin filament growth at the membrane outward into a long extension (Breitsprecher et al. 2008 ). In the convergent elongation model, branched actin networks are reorganized into a bundle and filaments within this bundle are protected from capping by Ena/VASP to form a filopodium (Svitkina et al. 2003) . Interestingly, the actin-bundling protein fascin, which of itself is dispensable for neurite formation, can increase the efficiency of Ena/VASP-associated actin polymerization, indicating a possible cooperative role between actin organization and actin filament polymerization in neurite initiation (Winkelman et al. 2014; Yamakita et al. 2009 ). Cultured Ena/VASP-deficient cortical neurons produce no filopodia and subsequently no neurites and instead exhibit broad lamellipodia . Wheres the loss of Ena/VASP expression prevents the formation of neurites, these effects can be mitigated by culturing neurons on filopodia-promoting substrates such as laminin and fibroblasts or by expressing other anticapping proteins such as mDia2 or by the expression of myosin X, an unconventional tipcomplex protein ). These data demonstrate that several mechanisms can be used in the generation of the filopodial actin cytoskeleton, with the net regulation of localized actin polymerization and nucleation being the guiding principle and multiple actin regulatory proteins or pathways can achieve the same endpoint.
The actin cytoskeleton is a dynamic structure and studies of the roles of additional actin regulatory proteins illustrate the way that the balance of actin polymerization can lead to the formation of neurites. Knockdown of actin depolymerizing factor (ADF)/cofilin, which promotes the pointed-end depolymerization of actin filaments and can also sever filaments, inhibits neurite extension in both PC12 cells and chick dorsal root gangla (DRG) neurons (Endo et al. 2007 ). The current model proposes that ADF/cofilin increases actin turnover, i.e., the rate at which filaments are recycled into monomers. Observations of non-neuronal cells demonstrating that ADF/ cofilin is localized at the base of branched actin arrays during lamellipodia protrusion, with disassembly of actin continuously toward the rear while actin is added to the leading edge, provide a mechanism by which ADF/cofilin can generate a neurite (Svitkina and Borisy 1999) . Consistently, genetic ablation of ADF/cofilin greatly impairs the emergence of neurites from cortical neurons in vitro and in vivo (Flynn et al. 2012) . The study by Flynn et al. (2012) also provided evidence that the actin-filament-severing activity of ADF/ cofilin is more relevant to its regulation of neurite formation than its role in promoting filament pointed-end depolymerization. Loss of ADF/cofilin activity has further consequences for the ability of microtubules to penetrate the periphery of the neuronal cell body and to give rise to the backbone of the emergent neurite, probably through the regulation of actin filament organization in the periphery of the neuronal cell body. Thus, through the regulation of actin filament dynamics during early stages of neurite formation, ADF/cofilin contributes to the orchestration of the actin filament and microtubule reorganization required for neurite formation.
Opposite in function to cofilin is profilin, an actinmonomer-binding protein that promotes actin filament polymerization in a variety of cell types (Haarer et al. 1990; Haugwitz et al. 1994; Kang et al. 1999; Pantaloni and Carlier 1993; Verheyen and Cooley 1994) . Cultured hippocampal neurons from the profilin IIa knockout mouse exhibit more neurites than controls and overexpression produces the opposite effects, indicating that profilin is a negative regulator of neurite initiation and elongation (Da Silva et al. 2003) . The knockout mouse also displays increased levels of G-actin and less F-actin and the converse is true in profilinoverexpressing cells (Da Silva et al. 2003) . These data on cofilin and profilin all serve to illustrate that the balance of actin polymerization and depolymerization contributes to neurite formation, possibly in a localized manner around the neuronal cell body.
Tropomyosins, which form polymers along the major groove of actin filaments, can induce neurite formation in neuroblastoma cells and interact with several actin-binding proteins suggesting a possible mechanism of neurite regulation (Curthoys et al. 2013 ). Mammalian cells possess over 40 different isoforms of tropomyosin, several of which can compete with actin-binding proteins such as fascin, which bundles actin and promotes actin polymerization, or which increase the inactive fraction of ADF/cofilin when overexpressed in neuroblastoma cells (Bryce et al. 2003; Creed et al. 2011; Gunning 2008) .
Myosin II is an actin-filament-binding force-generating motor protein that can inhibit or promote the extension of differentiated axons in a context-dependent manner (Ketschek et al. 2007 ). Inhibition of myosin II function in cultured chicken forebrain neurons promotes the elongation of neurites from neuronal cell bodies but the neurons generate approximately 20 % fewer neurites (Kollins et al. 2009 ). In the same study, the inhibition of RhoA activity, which drives myosin II contractility and many other effector systems, has been shown to increase both the number of neurites and their lengths (Kollins et al. 2009 ). These observations indicate that the functional outcome of individual final effectors (e.g., myosin II) yields different results in comparison with the inactivation of the effectors when upstream positive regulators are also inhibited (e.g., RhoA), which instead results in a coordinated change in the function of multiple effector systems.
Although much remains to be discovered about the function of these actin regulatory proteins and the way that they specifically control actin dynamics during neurite formation, evidence indicates that their activity plays a role in the balance of actin-based neurite extension. Overall, the literature suggests that neurons can utilize a variety of actin filament regulatory proteins to orchestrate the initial stages of neurite formation. However, the underlying theme is one of localized differences in actin filament dynamics and organization leading to the localized emergence of the nascent neurite. Major missing components of the story are the dynamics and organization of actin filaments in neuronal cell bodies prior to the emergence of protrusive structures (e.g., filopodia). Recent super-resolution microscopic studies have revealed novel forms of actin filament organization in mature axons and the application of these modern methods will probably provide important insights into the actin filament cytoskeleton of the neuronal cell body prior to and during the formation of neurites (Xu et al. 2013) .
Regulation of microtubules during neuritogenesis
Mature neurites, both axons and dendrites, are supported by a microtubule cytoskeleton consisting of bundled microtubules. The extension of microtubules into actin-rich filopodia is a fundamental step in the formation of a neurite. The primary subunit of microtubules is a heterodimer of one α-and one β-tubulin polypeptide and several isoforms of α-and β-tubulin exhibit increased expression during neurite formation and NGF-induced neurite initiation (Joshi and Cleveland 1989; Knoops and Octave 1997; Sullivan 1988) . Type III β-tubulin is the only neuron-specific isoform; it has also been shown to be phosphorylated following NGF-induced neurite formation but the function of this phosphorylation is unclear (Aletta 1996) .
Microtubules can be extended into the filopodia by the distribution of stabilized microtubules into the actin-rich protrusions or through polymerization, both of which contribute to the maturation of filopodia into neurites in both cortical and sympathetic neuronal cultures Smith 1994) . Expression of microtubule-based motor proteins that can move filaments, such as the"+end" directed kinesin, is sufficient to elicit the formation of neurite-like structures in cultured insect Sf9 cells and the emergent neurites from these experiments have microtubule polarity resembling that of dendrites and axons depending on the motor protein (Sharp et al. 1996 (Sharp et al. , 1997 . Similarly, the microtubule-associated protein 2c (MAP2c)-induced formation of neurites is dependent on the "-end" directed motor protein dynein and functionblocking dynein antibodies in neuro2a cells significantly inhibit neurite-like protrusions (Dehmelt et al. 2006) . These data in conjunction with the observation that the maximal effect of taxol, a drug that stabilizes microtubules, is a 50 % inhibition of neurite formation suggest that motor-dependent rearrangement of stable microtubules plays an important role in neurite formation (Letourneau and Ressler 1984) .
Regulation of microtubules by MAPs
Similar to actin dynamics, both microtubule-stabilizing proteins, such as MAP1b and destabilizing proteins, such as stathmin-like 2, play a role in neurite initiation (Dehmelt et al. 2003; Li et al. 2009; Riederer 2007; Teng et al. 2001; Vandecandelaere et al. 1996) . MAP1b, promotes microtubule nucleation, polymerization, and stabilization, both in vitro and in vivo and siRNA knockdown in PC12 cells inhibits NGFinduced neurite initiation (Brugg et al. 1993; Pedrotti and Islam 1995; Takemura et al. 1992; Vandecandelaere et al. 1996) . Interestingly, the neuron-specific protein stathminlike 2 (which can bind to microtubules, inhibit their assembly and induce microtubule disassembly), when overexpressed in PC12 cells, increases the number of neurites and, when knocked down in hippocampal cells, results in axons being less likely to form, indicating that a balance of polymerization and depolymerization is required (Riederer et al. 1997) .
In addition to their role in microtubule stabilization, MAPs can also play a role in their transport. The embryonic isoform of MAP2, MAP2c, is expressed in neuroblasts preceding neurite formation and triggers neurite initiation (Dehmelt et al. 2003) . Live imaging in these neuro-2a cells shows that MAP2c triggers neurite formation through the rapid accumulation and bundling of stable MAP2c-bound microtubules and in hippocampal neurons, the loss of either the MAP2c microtubule-binding domain or the protein-kinase-A-binding domain of MAP2c impairs neurite formation (Dehmelt et al. 2006) . The expression of the higher molecular weight MAP2a and MAP2b isoforms generally occurs after neurite growth and during neuron maturation, although their expression has been observed in developing neuroblasts in the optic tectum preceding differentiation into multipolar cells; however, the roles of MAP1a and MAP2b with respect to neurite initiation in this case are unknown (Matus et al. 1990; Schoenfeld and Obar 1994; Yasuda and Fujita 2003) .
Coordination of microtubules and actin during neurite formation
MAP2c also binds actin filaments through its microtubulebinding domain; this is necessary to promote neurite formation, suggesting that MAP2C might physically link both the actin and microtubule cytoskeleton (for reviews, see Dehmelt and Halpain 2004; Kim et al. 1979; Roger et al. 2004 ). Based on data from non-neuronal cells and Aplysia growth cones, these interactions imply that the linkage of microtubules to the actin filament network make it possible for motors such as dynein or kinesin, which play a role in neurite formation, to use actin as a scaffold to move microtubules and to generate force to push the cell membrane outward (Dehmelt et al. 2006; Lu et al. 2013; Salmon et al. 2002; Schaefer et al. 2002) . Microtubules have also been observed to align with actin filament bundles in Aplysia growth cones, suggesting that filopodial actin filament bundles serve to capture and to guide microtubules during the early steps of neurite formation (Schaefer et al. 2002) . Following axotomy, microtubules can push on the membrane and give rise to filopodia-like protrusions and this process also occurs in the presence of actinpolymerization-blocking drugs (Goldberg and Burmeister 1992) . Furthermore, neurite initiation can occur in the presence of actin depolymerizing drugs (Goldberg and Burmeister 1992; Lu et al. 2013) . These data indicate that, if actin does indeed provide a scaffold for motors to move microtubules against the cell membrane, functional redundancy is present, such as the use of microtubule-on-microtubule sliding to generate force, to move the membrane and to form neurites (Lu et al. 2013) .
In a similar vein, Drebrin, an actin-filament-binding protein, regulates both actin and microtubule dynamics (Geraldo et al. 2008 ). Drebrin is a major actin-binding protein expressed in the brain during neuronal development and plays a role in neuronal migration and the formation of neurite-like processes (Dun et al. 2012; Dun and Chilton 2010; Hayashi et al. 1996; Mizui et al. 2009 ). Drebrin binds to the side of single actin filaments where it competes with actin-filament-binding proteins such as α-actinin, tropomyosin and fascin in vitro and in vivo (Biou et al. 2008; Ishikawa et al. 1994; Sasaki et al. 1996) . Interestingly, whereas Drebrin appears to be a positive regulator of neurite formation, several of the actin-filament-binding proteins with which it competes also appear positively to regulate neurite initiation, such as α-actinin, which when knocked down in neuroblastoma cells inhibits neurite formation and tropomyosin isoforms, which when overexpressed induce neurite formation (Curthoys et al. 2013; Torii et al. 2012) . In addition to this activity, Drebrin also binds the microtubule regulator EB3, a protein that binds microtubule"+ends", suggesting that by linking EB3 to actin, Drebrin also targets microtubule tips to actin-rich filopodia (Bazellieres et al. 2012; Geraldo et al. 2008) . Although much remains to be learned about the way that the actin and microtubule cytoskeletal systems interact, these studies indicate that adaptor molecules linking microtubules to actin filaments represent a major regulatory point to be considered in addition to polymerization and organization.
Collectively, these studies suggest that microtubule polymerization and dynamics, their organization (e.g., bundling) and motor-protein-driven processes are coordinated to contribute to the microtubule-based component of neurite formation. As with actin filaments, a thorough understanding of the organization of microtubules in the neuronal cell body and during the initial steps of the process of neurite formation is lacking. Three-dimensional reconstructions of cultured sensory neurons with established axons demonstrate this complex organization of microtubules in the cell body (Letourneau and Wire 1995) . These studies demonstrate that microtubules form a cage around the nucleus and serve as potential organizers of the Golgi apparatus within the cell body. Microtubules associated with the Golgi also give rise to the bundles entering neurites, possibly providing a direct substratum for transportbased mechanisms into the neurites. However, the dynamics and reorganization of microtubules in the transition from a round cell body to one exhibiting neurites largely remain to be determined.
Extrinsic cues and signaling pathways underlying neurite formation
Extracellular cues, such as NGF and brain-derived neurotrophic factor (BDNF) regulate filopodia, lamellipodia and neurite formation via several common signaling pathways that control the cytoskeleton (for reviews, see Gonzalez-Billault et al. 2012; Jackson et al. 1996; Mai et al. 2009 ). Local calcium and cAMP/cGMP gradients can mediate filopodia formation and neurite growth in response to these cues (Emery et al. 2014; Gysbers et al. 2000; Mai et al. 2009; Shelly et al. 2010; Zheng and Poo 2007) . Hippocampal cells cultured on stripes of membrane-permeable fluorescent analogs of cAMP or cGMP demonstrate that localized cAMP and cGMP activities are sufficient to induce the formation of axons and dendrites, respectively (Shelly et al. 2010) . GTP enhances NGF-dependent neurite formation in PC12 cells and increases intracellular calcium (Gysbers et al. 2000; Rathbone 1996a, 1996b ). This neurite-enhancing effect is attenuated by blocking L-type calcium channels or by preventing the release of intracellular calcium stores, indicating that calcium plays a role in neurite initiation (Gysbers et al. 2000) .
The addition of NGF to PC12 cells induces the transient activation of the GTPases Rac1 and Cdc42 at the cell periphery and localized cycling of activity at the motile tips of filopodia (Aoki et al. 2004 ). The constitutive expression of active Rac1 promotes neurite formation and inactivation of Rac inhibits neurites in several cell types, including chick primary retinal neurons and rat hippocampal neurons (Albertinazzi et al. 1998; Schwamborn and Puschel 2004) . Recruitment and activation of Rac1 to actin-filament-rich protrusions is also associated with a decrease in the GTPase RhoA, which when constitutively active can prevent BDNFdependent neurite initiation and induce neurite retraction (Da Silva et al. 2003; Izawa et al. 1998; Katoh et al. 1998; Sebok et al. 1999; Yamaguchi et al. 2001) . Notably, these signaling pathways are highly regulated and can produce different cellular responses under different cellular conditions. For example, both constitutively active Rac1 and Cdc42 expressed in Drosophila giant fiber neurons inhibit neurite outgrowth and dominant negative Rac1 can promote neurite formation in chicken DRG cells (Allen et al. 2000; Fournier et al. 2003) . The data suggest that the ideal conditions for neurite initiation might not solely be the product of constitutively "on" or "off" GTPases but rather that ideal neurite initiation requires specific localization of GTPases or the temporal cycling of GTPases "on and off", which can, for example, cause Cdc42 to induce supernumerary axons in hippocampal cells (Schwamborn and Puschel 2004) . These studies indicate that neurite-promoting signals converge on several common pathways, Rac and Cdc42 being central regulators of neurite initiation and Rho inhibiting neurite initiation and inducing neurite retraction. However, the functional outcome of the activity of these GTPases has to be considered in the context of additional considerations, such as the temporal control of activation, cell type, substratum and growth factors.
A likely mechanism for the means by which neurotrophin signaling can control Rac1, Cdc42 and RhoA is suggested by live imaging of filopodia formation on chicken DRG axons; this demonstrates that NGF increases the formation of microdomains of phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ), which colocalizes with fluorescently labeled actin patches from which filopodia emerge (Ketschek and Gallo 2010) . TrkA is the tyrosine receptor kinase that activates phosphatidyl inositol 3-kinase (PI3K), which is required for NGF activation of both Rac1 and Cdc42 in PC12 cells and for the inhibition of RhoA (Aoki et al. 2004; Nusser et al. 2002) . Likewise, BDNF signaling through the TrkB receptor activates PI3K, causes in vivo accumulation of PIP 3 and increases dendritic filopodial motility and number in hippocampal dendrites (Luikart et al. 2008) . PI3K signaling can activate Rac and Cdc42, which are upstream targets of several cytoskeletonmodifying proteins such as the Arp2/3 complex, which, as discussed earlier, might play a role in neurite formation (Derivery and Gautreau 2010; Gallo 2010) . In summary, the proposed cascade for the way that neurotrophins can induce neurites consists in: NGF/BDNF, TrkA/TrkB, PI3K, increased local PIP 3 and an increase in Cdc42 and Rac with a decrease in RhoA signaling. Whereas roles for Rac1, Cdc42 and RhoA as major regulatory points in the initiation of neurites are overall well established, much remains to be determined as to the manner in which they specifically regulate the cytoskeleton into initiating a neurite. Nakamura et al. (2008) merged several lines of evidence regarding the spatio-temporal patterns of PIP 3 , Rac1 and its activator Vav, with SHIP2 (SH2 domain-containing inositol phosphatase) in the PC12 cell line to generate a quantitative model consistent with biological data for the determination of the sites of neurite emergence (Fig. 2) . In this model, the activation of TrkA, the receptor for NGF, results in the formation of PI3K-Vav-Rac1 domains of activity, which are initially homogeneous around the perimeter of the cell. However, through a Turing reaction-diffusion system involving a SHIP2 phosphatase negative feedback loop, PIP 3 is converted to PI (3, 4) P 2 in long lateral domains, allowing localized domains of PIP 3 -Rac1 activity to form at sites of the lower diffusing Vav. Experimental analysis of this model by using subcellularly localized activation/inactivation approaches targeting the proposed pathway will be required to test this intriguing model.
Organelle distribution during neurite formation
Mitochondria generate ATP, which can be used locally in the vicinity of the mitochondrion or can diffuse throughout the Fig. 2 Hypothetical model for the formation of localized domains of phosphatidyl inositol 3-kinase (PI3K)-Rac1 signaling; these domains determine the sites of neurite formation from the cell body. a This model is derived from studies of nerve growth factor (NGF)-induced neurite formation from PC12 cells (for further details of this model, see the paper initially describing it by Nakamura et al. 2008) . The model is based on the activation of PI3K and the antagonistic phosphatase SHIP2 by NGF (TrkA tyrosine kinase receptor-A, SHIP2 SH2 domain-containing inositol phosphatase). Initially, PI3K-driven increases in phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ) levels at the membrane drive the activation of Rac1 by Vav. Rac1 then signals back to PI3K and SHIP2 through positive (PI3K) and negative (SHIP2) feedback loops. The diffusion coefficient of SHIP2 is greater than that of Vav, consistent with the requirement for the negative and positive feedback loops in the context of a Turing's reaction-diffusion system (Aoki et al. 2005) . b The function of the mechanism in a is to drive the initially homogeneous activation of the PI3K-Rac1 pathway (red) at the perimeter of the neuronal cell body into discrete domains of activation. The discrete domains are then able locally to drive the formation of neurites through the positive feedback loop, while suppressing formation elsewhere along the perimeter through the negative feedback loop cytoplasm to serve the high ATP demands of neuronal development, such as that of actin polymerization (Bernstein and Bamburg 2003; Jones 1986) . Recent work has identified localized functions of mitochondria along axons during development; a similar role for mitochondria might be at work in the cell body, contributing to the determination of the sites of neurite formation (Courchet et al. 2013; Spillane et al. 2013; Sun et al. 2013; Tao et al. 2013) . Stalled mitochondria and their respiration contribute to defining sites of the axon at which collateral branches will emerge (Courchet et al. 2013; Spillane et al. 2013; Tao et al. 2013) . The formation of a collateral branch, similar to the initiation of a neurite from the cell body, is initiated by the emergence of an axonal filopodium (Gallo 2010) . The sites of formation of axonal filopodia are, in large part, determined by mitochondria positioning along the axon and their respiration (Ketschek and Gallo 2010; Spillane et al. 2013; Tao et al. 2013) . The role of mitochondrial positioning within the cell body during initial neurite formation has not been thoroughly investigated; however, in cultured hippocampal neurons, mitochondria have been reported to be positioned at the base of the neurite destined to mature into an axon, at the expense of mitochondria targeting into neurites that will differentiate into dendrites (Mattson and Partin 1999) . In another study, the preferential targeting of mitochondria into the nascent axon has been observed in the same neuronal population but not the aggregation at the base of the axon (Ruthel and Hollenbeck 2003) . Further determination of the possible contributions of mitochondria to the emergence and differentiation of neurites will thus be of interest.
Similar to mitochondria, the repositioning of the centrosome and Golgi apparatus has been found to correlate with neurite formation in some studies but a relationship between these organelles and sites of neurite emergence has not been found . Additionally, the endoplasmic reticulum might play a role in neurite formation by locally delivering signaling components, similar to the way that Rac1 activity induces the focal release of calcium from the endoplasmic reticulum in Aplysia growthcones (Zhang and Forscher 2009) . The blocking of calcium release from intracellular stores inhibits neurite outgrowth and endoplasmic-reticulum-related vesicle trafficking might provide spatial specificity in delivering calcium stores to sites of neurite initiation (Gysbers et al. 2000) . A determination of the manner in which neurite formation induced by different extracellular signals differs in these responses at the cytological level will be of interest, as suggested by a study of N-cadherin-mediated neurite formation in hippocampal cultures; this study correlates centrosome and Golgi repositioning and neurite formation with contact with Ncadherin extracellular-domain-coated beads but not Tenascin C beads (Gartner et al. 2012) . Although a clear picture of the relationship of organelle distribution and the site of neurite formation has yet to emerge, this represents an interesting aspect for continued analysis.
Concluding remarks and perspectives
Taken together, the available information indicates the need for a consideration of the initiation of neurite formation at the systems level. Investigation of specific proteins will yield potential components of the mechanism of neurite initiation but as a system, the mechanism possibly utilizes various proteins with redundant functions. Although much is known about the way that single molecules control actin or microtubules, the next step will be to understand the means whereby these molecules act in concert to control neurite initiation. Several adaptors physically link actin filaments and microtubules that are necessary for neurite formation. However, much remains to be understood about the interplay between these two components of the cytoskeleton with regards to neurite formation; the provision of mechanical forces for growing or for moving microtubules and the flow of actin filaments are likely mechanisms. Several extracellular cues converge on central pathways mediated by the Rho GTPases. The GTPases Rac, Cdc42, and Rho control and organize both actin and microtubules to induce the formation of neurites. The next steps are to determine the manner in which these GTPases lead to the localized activation of key cytoskeletal regulators to initiate a neurite and to analyze further the reaction-diffusion model proposed by Nakamura et al. (2008) . Ultimately, our understanding of the mechanisms that determine the way that microtubule-and actin-filament-based traffic regulate the early stages of neurite formation and coordinate with the underlying cytoskeletal remodeling will also need to be integrated into the spatio-temporal aspects of relevant signaling pathways (for a review, see Villarroel-Campos et al. 2014 ). As noted above, our understanding of the cytoskeletal organization of the neuronal cell body prior to neurite formation is lagging relative to that of neurons with established neurites. This information will be required in order to generate relevant models for the function of individual molecules, signaling pathways and molecular modules in the transformation of the periphery and center of the neuronal cell body during neurite formation. In addition, further investigation is needed to understand the role of membrane trafficking in neurite initiation, which can use actin-based Ena/VASP or Arp2/3 exocytosis mechanisms to drive neurite formation and might turn out to be a major requirement for neurite initiation (Gupton and Gertler 2010 ). An understanding of the regulation of the cytoskeleton at multiple levels and of its integration with cytoplasmic reorganization might not only illuminate the formation of neurites but also provide insights into the greater context of growth cone turning, axon branching and possibly the restoration of neurites after injury.
